. Children in low-income families may have high exposures to polycyclic aromatic hydrocarbons PAH . Such exposures could result from household proximity to heavy traffic or industrial sources, environmental tobacco smoke, contaminated house dust or soil, among others. The objectives of this study were: to establish methods for measuring total PAH exposure of children in low-income families, to estimate the PAH exposures of these children, and to estimate the relative importance of the environmental pathways for PAH exposure. Analytical methods to determine PAH in air, dust, soil, and food and to determine hydroxy-PAH in urine samples were evaluated and validated. A two-home pilot study was conducted in downtown Durham, North Carolina Ž . NC during February 1994. One smoker's and one nonsmoker's household, which had preschool children and income at or below the official U.S. poverty level, participated. A nine-home winter and a nine-home summer study were conducted in Durham and the NC Piedmont area during February 1995 and August 1995, respectively. A summer study in four smokers' homes was also conducted. In each of these studies, multimedia samples were collected and analyzed for PAH or hydroxy-PAH. Summary statistics, Pearson correlations, and analysis of variance were performed on the combined data from these four field studies. An effective screening method was established for recruiting low-income families. The field protocol involved measurements of three homes in 2-day periods. This protocol should be suitable for large-scale studies. The results showed that indoor PAH levels were generally higher than outdoor PAH levels. Higher indoor PAH levels were observed in the smokers' homes compared to nonsmokers' homes. Higher outdoor PAH levels were found in inner city as opposed to rural areas. The relative concentration trend for PAH in dust and soil was: house dust ) entryway dust ) pathway soil. The PAH concentrations in adults' food samples were generally higher than those in children's food samples. Children's potential daily doses of PAH were higher than those of adults in the same household, when intakes were normalized to body weights. Inhalation is an important pathway for children's exposure to total PAH because of the high levels of naphthalene present in both indoor and outdoor air. Dietary ingestion and nondietary ingestion Ž pathways became more important for children's exposure to the B2 PAH ranked as probable human carcinogens, B2 by the U.S. EPA's Integrated Risk . System , most of which are of low volatility. The analysis of variance results showed that inner city participants had higher total exposure to B2 PAH than did rural participants.
Introduction

Ž
. Many polycyclic aromatic hydrocarbons PAH present in air, dust, soil, and food are known mutagens or animal Ž . carcinogens IARC, 1985; Mumford et al., 1990 . Humans can be exposed to PAH by inhaling contaminated air, by ingesting tainted food, by nondietary ingestion of contaminated dust or soil, or less significantly in nonoccupational settings, by dermal absorption from environmental media. The exposure resulting from ingestion of dust or soil is believed to be more important for young children because of their play activities.
Exposure to PAH via the inhalation pathway is due to PAH present in ambient and indoor air. In inner cities, these PAH concentrations may be higher than in rural areas, because of heavier traffic and more industrial sources Ž . in the city Waldman et al., 1991 . Significant indoor PAH contamination may also result from the presence of tobacco smoke and the use of unvented combustion heating Ž . appliances Traynor et al., 1990; Mumford et al., 1991 . Exposure to PAH through the nondietary ingestion pathway is due to PAH in house dust, in play area soil, or on other household surfaces. The PAH in indoor air can be adsorbed onto the interior surfaces of a house or deposited directly from the particulate phase. In addition, outdoor contaminated soil can be tracked into the house by people or pets. Concentration profiles of PAH in house dust have shown that levels of most of the carcinogenic five-and six-ring PAH are higher than the levels of most of the Ž noncarcinogenic two-and three-ring PAH Chuang et al., . 1994; Chuang et al., 1995 . Higher PAH concentrations have been found in soil from inner city areas in compari-son with remote rural areas, and in inner city road dust in Ž areas with heavy traffic Jones et al., 1989; Takada et al., . 1991 . Thus, inner city homes may have higher PAH in their house dust than do rural homes, and may contribute to higher PAH exposure through the nondietary pathway.
The PAH exposure through the dietary ingestion pathway is from the PAH present in foods. Foods having significant levels of PAH include charcoal-broiled or smoked meats, leafy vegetables, grains, fats, and oils, all typically having PAH concentrations of tens of mgrkg Ž .Ž . tens of ppb Menzie et al., 1992 . A wide range of w x Ž . Ž . benzo a pyrene BaP concentrations 0.005 to 1.17 ppb Ž has been reported in duplicate-diet food samples Wald-. man et al., 1991 . This wide variation may have been due to the sources of food, ways of cooking, and the analytical method used. Since the typical daily food consumption amounts to hundreds of grams, a wide range of BaP concentrations in food can result in a wide range of daily BaP intake through dietary ingestion.
Many field studies of human exposure to environmental Ž . pollutants have not considered socioeconomic status SES . However, children from low-income families may experience different, possibly higher, exposures to PAH in comparison with the general population. Such exposures could result from home proximity to heavy traffic or industrial sources, environmental tobacco smoke, or contaminated house dust or soil, among others. This research had three Ž . objectives: 1 to evaluate field methods for determining children's exposure to PAH for use in the design of a Ž . potential large-scale study; 2 to estimate the range of PAH exposure for children from low-income families by measuring PAH concentrations in all relevant environmental media and measuring PAH metabolites in urine sam-Ž . ples; and 3 to obtain data to estimate the relative importance of the pathways for PAH exposure.
In these pilot studies, the PAH levels were measured in the household indoor and outdoor air, soil, and floor dust; and in adult and child participants' diets. Levels of urinary hydroxy-PAH were also measured.
Methods
In this study, the recruitment, field sampling, and analytical methods were evaluated in a two-home pilot study during February 1994. These two homes were located in downtown Durham, North Carolina. One was occupied by smokers and the other by nonsmokers. Questionnaires, informed consent forms, and study protocols were developed and tested in the two-home study, as were several field sampling methods. The questionnaires, consent forms, and recruitment process were revised based on the results Ž . of the two-home study Wilson et al., 1996 . More detailed method evaluation studies were carried out in February and August 1995. Five inner city and four rural homes inhabited by nonsmokers were recruited for the winter Ž . study. Nine nonsmokers' five inner city and four rural Ž and four smokers' households two inner city and two . rural were selected for the two summer studies. The procedures used for selection of households, for field sampling, for chemical analysis, and for statistical analysis are summarized below.
Selection of Households
The selection criteria used to recruit households included the presence of an adult and a preschool, toilet-trained child living at home; unvented combustion space heating; and family income below the U.S. Department of Health Ž . and Human Service DHHS poverty guidelines. The latter criterion was indicated by receipt of public assistance such as food stamps, Aid to Families with Dependent Children Ž . AFDC , or funds from the Special Supplemental Food Ž . Program for Women, Infants, and Children WIC . In addition, inner city homes were located near roadways with heavy traffic and rural homes were located away from such roadways. Table 1 summarizes the methods and the results of recruitment in the four field studies.
For the two-home study, door-to-door screening was done in low-income neighborhoods to recruit eligible households. A total of 631 households were screened; none Ž met all the criteria. Four homes two smokers' and two . nonsmokers' homes located in downtown Durham, North Carolina were recruited after the unvented space heating requirement was eliminated. Thus, this requirement was also eliminated for the later winter and summer studies.
Five methods were attempted to recruit the participants in the winter study. Four of these were unsuccessful, as indicated in Table 1 . In urban areas, these were telephone screening of families living in homes along streets with heavy traffic, and of families living in homes in a census tract known to have a large portion of low-income families. In rural areas, these were mail survey and telephone screening. The most successful way to recruit low-income families was found when approval was obtained from the local county WIC offices, food stamp offices, county social services department, and health department to post study flyers and posters in their offices, and to include letters about the studies in the monthly welfare payment mailings. Many potential study participants did not have telephones at home; therefore, we accepted collect calls from the respondents and conducted telephone screening interviews with the subjects when they called. Fifty-four percent of the households that responded were eligible to Ž participate. We randomly selected nine study homes five . Ž city and four rural and four backup homes two city and . two rural for the winter study. We used the same approach to recruit the participants for the summer studies, a Four households became eligible after eliminating the requirement of using unvented space heaters. This requirement was removed from the selection criteria for the winter and summer studies.
but in addition to posting study flyers in the local social services agencies, we also asked eligible and interested study participants to tell their friends and relatives about the study.
Field Sampling
Since the field studies involved human subjects, approvals were obtained from the Human Subjects Committee at Battelle and from the U.S. EPA before field activities began. Approximately 1 month before sampling, survey staff visited each of the participants, including the potential participants in the backup households. The staff explained the study in detail, answered any questions, discussed the study schedule, and obtained informed consent from the participant and his or her partner, if any. A new doormat was placed outside the main entrance. Approximately 1 week before sampling, the staff visited the participants again. At this visit, the staff explained the participant information booklet and the child and adult diaries. The staff also demonstrated the procedures for collecting food and urine samples. A household observation survey which collected information on characteristics of the house, and a sketch of the house location and surrounding area were completed. The staff also deployed perfluorocarbon tracer Ž . PFT source tubes used to measure air exchange rate. A partial incentive payment of $15 was paid to the participant to cover the cost of extra food for the duplicate-diet samples.
For the two-home pilot study, the field sampling activi-Ž ties were completed during a 3-day period Wilson et al., . 1996 . The nine-home winter study was carried out using a revised study protocol that monitored two homes in 2 days. A study protocol that monitored three homes in 2 days was employed for the summer studies. Day 1 activities included setting up the meteorological station, installing indoorroutdoor air samplers and real-time PAH monitors Ž . PAS 1002i, EcoChem Technologies, West Hills, CA , Ž . deploying capillary adsorption tube sampler CATS for measuring air exchange rate, conducting a pre-monitoring interview, and instructing the participant on food and urine sample collection and child activity and food diaries. The indoor sampler was placed in either the living room or the family room. The outdoor sampler was placed in the backyard of the sampled home. Day 2 activities included removing the meteorological station, if necessary, unloading indoorroutdoor air samplers and PAH monitors, removing CATS sampling tubes and PFT source tubes, conducting a post-monitoring interview, examining food and urine samples and child activity and food diaries, collecting dust and soil samples, paying the participant the Ž . remainder of the incentive payment $60 , and presenting a certificate of appreciation to the participant.
Indoor and outdoor air for PAH analysis were collected simultaneously during a 24-h period at each household. The PAH in air were collected by passing air at 20 lrmin through a sampling cartridge containing a quartz fiber Ž . filter and XAD-2 resin in series Wilson et al., 1991 . After sampling, the filter and XAD-2 samples were wrapped in clean aluminum foil, placed in a clean container, sealed, and stored in a freezer until being sent back to the laboratory for analysis. The flow rate of each sampler was checked and recorded at the initiation and at the conclusion of the air sampling period.
The house dust samples were collected using the high Ž . volume small surface sampler HVS3 in areas on the carpet where the child's most frequent play activity occurred. The HVS3 unit was operated following the manufacturer's instructions and an ASTM standard method Ž . ASTM, 1997 . The entryway dust samples were obtained by turning over the doormat and shaking it to loosen the embedded particles, which were collected on a sheet of clean aluminum foil. The pathway soil sample was collected from the top 0.5 cm of soil at locations that repre-Ž sent a primary walkway or the child's play area Lewis et . al., 1994; Chuang et al., 1995 . A minimum area of 0.093 2 Ž 2 . m 1 ft was scraped with a stainless steel spatula, and the soil was placed in a clean jar.
Food samples that represent the food eaten by the study participants on each sampling day were collected. The participants were asked to prepare duplicate portions of all the food they ate. A detailed protocol for collecting duplicate food portions was provided to the participants in the participant information booklet. The food samples were stored in labeled plastic containers and placed in a cooler at each household, then in a freezer until transported back to the laboratory for analysis.
Urine samples from one adult and one child in each household were collected, following the protocol described in the participant information booklet. Children's urine samples were collected using a plastic urine collector Ž . bonnet , which fits easily under the toilet seat. The adult participant emptied the urine from the bonnet into a jar after the child urinated. Four grab urine samples were Ž . collected from each participant: 1 2-3 h after breakfast, Ž .
Ž . 2 2-3 h after lunch, 3 2-3 h after dinner or before Ž . going to bed, and 4 the first void in the next morning. The urine samples were placed in a cooler at each household, then in a freezer after sample retrieval, until they were sent to the laboratory for analysis.
Duplicate multimedia samples were collected in the two-home pilot study to assess overall method precision. In addition to the field samples, at least one field blank in each sample medium was collected as a quality control sample. The field blank for the air sample was a filterrXAD-2 cartridge that was processed through field handling and shipping together with the field samples, without sampling any air. The field blanks for dustrsoil, food, and urine samples were the empty containers that were used for the respective samples, and were also processed through field handling and shipping.
Analysis
The filterrXAD-2 samples and field blanks were spiked Ž with known amounts of perdeuterated PAH fluorene-d , by the Soxhlet technique. The DCM extract was concen-Ž . trated by Kuderna Danish K-D evaporation to 1 ml and Ž analyzed by gas chromatographyrmass spectrometry GCr .
MS .
Each house dust sample was sieved, and the fraction -150 mm was analyzed. An aliquot of each dust and soil sample was spiked with known amounts of the perdeuterated PAH and extracted twice each with 10 ml of hexane in a sonication bath for 30 min. The hexane extracts were combined, filtered, and concentrated to 1 ml for PAH Ž . analysis Chuang et al., 1995 . The collected solid and liquid food samples from each Ž subject were combined and homogenized. An aliquot 50
. g of the homogenized food sample was spiked with known amounts of the perdeuterated PAH, and refluxed with 39% KOH in ethanol for 1 h. The mixture was then extracted with hexane and washed with 4% KOH solution, 10% HCl solution, and distilled water, and then fractionated by a 10 g silica gel column. The hexanerDCM fraction was concentrated to 0.5 ml for PAH analysis. The urine samples from each subject were combined into one sample. An aliquot of each composite sample was Ž sent to Smith Kline Beecham Clinical Laboratories St.
. Louis, MO for the determination of creatinine. Another aliquot of each composite sample was refluxed with 6 N HCl and DCM for 1 h and extracted with DCM. The DCM extract was methylated by diazomethane and fractionated by a silica gel column. The target hexanerDCM fractions containing methoxy-PAH were analyzed by EI GCrMS for methoxy-PAH.
The sample extracts and standard solutions were ana-Ž . lyzed by 70 eV electron impact EI GCrMS. A Finnigan TSQ-45 GCrMSrMS instrument operated in the GCrMS mode was used. Data acquisition and processing were performed with an INCOS 2300 data system. The GC Ž column was a DB-5 fused silica capillary column 30 . m = 0.25 mm; 0.25 Fm film thickness , and the column outlet was located in the MS ion source. Helium was used as the GC carrier gas. Following injection, the GC column was held at 708C for 2 min and then was temperature-programmed to 2908C at 88Crmin. The MS was operated in Ž . the selected ion monitoring SIM mode. Peaks monitored were the molecular ion peaks and their associated characteristic fragment ion peaks. Identification of the target analytes was based on their GC retention times relative to those of corresponding internal standards and relative abundance of the monitored ions. Quantification of target analytes was based on comparisons of the integrated ion current responses of the target ions to those of the corresponding internal standards using average response factors of the target analytes generated from standard calibrations.
Ž . The exposure values ngrday for inhalation and inges-Ž . tion dietary and nondietary can be converted to units of potential dose by assuming 100% absorption in the lung and digestive tract and normalizing for body mass. Various factors can be found in the literature to account for physical, chemical, andror physiological processes. For maximum estimates, this conversion gives upper limits on PAH available for delivery to target organs. The potential daily dose of PAH in ngrkg body massrday was estimated using the following equations: Lewis et al., 1994; . Stanek and Calabrese, 1995 . The estimated body weights of the adult and child subjects were 71.8 and 17.4 kg, Ž . respectively EFH, 1989 . The daily mass of food intake was determined by the combined sample weights of the liquid and solid food collected by the duplicate-plate method. Ž Summary statistics sample size, mean, standard devia-. tion, minimum, and maximum were determined for the combined data in multimedia samples. Pearson correlation Ž . analyses and analysis of variance ANOVA were also conducted on the combined data. Although summary statistics were performed on the raw data, the correlation analyses and ANOVA were carried out on natural log-transformed data. For PAH concentrations less than the detection limit, half of the detection limit was used. The estimated detection limits were: 0.03 ngrm 3 for air, 0.001 mgrg for dustrsoil, 0.01 mgrkg for food, and 0.017 ngrml for urine.
Results and discussion
Field ActiÕity
There are special problems in conducting a field study with low-SES families. We found that the inclusion of backup households was essential because some participants did not keep their appointments, and they sometimes moved away unexpectedly just days before the scheduled sampling date. It is difficult to assess the temporal variation in PAH exposure in the same household, because of the frequent movement of the low-income families. As an example, for the nine-home summer study, we were able to contact only two of the nine winter study households. A significant education effort was required to assure the participants that the sampling and sampling equipment would not cause them harm. It is necessary to have all the adult residents of the household aware of the study and have them sign the consent form. The study consent forms, pre-monitoring questionnaires, post-monitoring questionnaires, and participant information booklets had to be simplified in order for adult subjects to understand them clearly. Adults had no difficulties recording child activity diaries, adultrchild diaries, and collecting adultrchild food samples. However, child urine collection was difficult for some adult participants. The ages of the children in these studies ranged from 2 to 4 years. A few adults who had children who were learning or had just learned to use the toilet reported that it was difficult to collect child urine Ž . samples in the urine collectors bonnets because their children were not used to the bonnets. This problem may be minimized by training the children to use bonnets prior to urine collection. We found that it is necessary, for these low SES families, to furnish a portion of the incentive payment to cover the cost of extra food ahead of time when collecting the duplicate-diet samples. Some participants were still reluctant to provide the food samples even though an incentive payment for food was given to them. However, the participants generally responded that overall study activities did not burden or bother them.
Characteristics of the study homes and subjects are summarized in Table 2 . A total of 14 inner city homes and 10 rural homes were sampled. All inner city homes are located in downtown Durham, close to either freeways andror busy streets. The rural homes were located away from heavy traffic areas. The heatingrcooking system in each study homes was noted during the pre-monitoring survey. The house volume was also measured during the household observation survey. The heating systems of the 24 homes included central electric and gas heating, kerosene heaters, open-flame gas heaters, and fireplaces. Most of the homes had electric cooking appliances and only one home had a gas cooking appliance. The house air exchange rates were measured by the decay rates of PFT.
Ž
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Quality Control
Known amounts of perdeuterated PAH were spiked into each air, dust, soil, and food sample prior to sample Ž . preparation. Quantitative recoveries ) 80% of the spiked PAH were obtained in most of the samples, except that Ž . there were low recoveries ; 50% of fluorene-d in the 10 food samples, presumably due to losses during the refluxing process. Similar recoveries of fluorene were obtained in the matrix spikes and solvent spikes.
In the two-home pilot, the overall method precision for multiple sample media was estimated based on analytical results for duplicate field samples. The overall method precision was expressed as the percent relative standard Ž . deviation % RSD for measured concentrations of target PAH and hydroxy-PAH in duplicate samples. The % RSD for measuring target PAH and hydroxy-PAH was within "15%, and "24%, respectively.
Only trace amounts of target PAH were found in the field blanks. All the reported data were corrected for the field blanks. None of the hydroxy-PAH were found in the method blanks for urine samples. These results showed that there was no significant contamination due to sample handling and preparation.
Concentration Profiles of PAH and Hydroxy-PAH
The mean, standard deviation, minimum, and maximum values of PAH concentrations in indoor and outdoor air samples from the 24 low-income households are summarized in Table 3 . The table shows concentrations for individual target PAH, for the sum of concentrations of all target PAH, and for the sum of the concentrations of the Ž . six B2 PAH probable human carcinogens . For ease of discussion in this section, the sum of target PAH and the sum of B2 PAH are referred as total PAH and B2 PAH, respectively. Note that all data reported in this section were corrected for the corresponding field blanks.
The PAH concentration profiles in air showed that with few exceptions, the PAH concentrations decrease as the ring size of PAH increases. The most abundant target PAH found in air was naphthalene and the least abundant PAH w x was, in general, dibenzo a,h anthracene. Levels of PAH in indoor air were higher than in the corresponding outdoor air in most households. However, note that outdoor B2 PAH levels were higher than indoor levels in the two-home pilot study. These two homes were located close to each other in downtown Durham. The high ambient B2 PAH level could result from heavy traffic and possible local contamination sources. Higher indoor B2 PAH concentrations were observed in the smokers' homes as opposed to nonsmokers' homes. Among the nonsmokers' households, higher average B2 PAH concentrations in indoor air were observed in the winter compared to the summer study. This temporal variation may have been partly from the use of heating appliances in the winter. Outdoor B2 PAH concentrations in the winter were also higher than those in the summer. The indoor and outdoor B2 PAH concentrations in inner city homes were higher than those in the rural homes in both the winter and summer studies. This was probably a result of urban mobile source emissions.
Real-time PAH monitors were also employed in these field studies, both indoors and outdoors, during the corresponding 24-h sampling period. The average PAH monitor Ž . response in picoamperes pA for each home was converted to an average PAH concentration in ngrm 3 by using the conversion factor of 1000 ngrm 3 rpA estab-Ž lished by previous studies Wilson et al., 1994; Mukund et . al., 1997 . Note that the PAH monitor responds only to Ž . fine particle-bound PAH -1-2 mm , whereas the measured PAH values from integrated sampling include both vapor and particle-bound PAH. The estimated indoor fine particle-bound PAH levels derived from the PAH monitor's responses were generally higher than the corresponding outdoor levels. These relative concentration trends were Ž also observed for measured B2 PAH mostly particle-. bound from 24-h integrated air sampling. Figure 1 displays the relationships between the estimated PAH concentrations derived from the PAH monitor's responses and the measured B2 PAH concentrations of the 24-h integrated sampling, both in natural log scale. A positive relationship between these two types of measurements was observed Ž . with Pearson correlation coefficient r of 0.71. This finding suggests that the real-time PAH monitor can be used as a field screening tool for monitoring B2 PAH in future large-scale studies.
House dust loadings in the 24 homes ranged from 0.311 to 691 grm 2 for total dust loading and from 0.193 to 392 for the sieved dust -150 mm loading. The sieved dust fraction in these homes represented 42% to 96% of the corresponding total dust loadings. The highest house dust loading was observed in a smoker's home in a summer study. The total and sieved dust loadings in this house were 691 and 392 grm 2 , respectively. This house was visibly dirty; four children under age 12 lived in this house with their parents, both of whom smoked. The lowest house dust loading was observed in a nonsmoker's home, which had no carpet, in the winter study. The total and sieved dust loadings were 0.311 and 0.193 grm 2 , respectively. Two other nonsmokers' homes that did not have carpet had total and fine dust loadings of 0.372 grm 2 and 10.5 grm 2 , respectively. The reported PAH concentrations in dust and soil are Ž . shown in Table 4 based on the dry sample weights, which are corrected for moisture content. The moisture content of the dust and soil samples was determined by weight losses after heating the samples at 1008C. Note that different aliquots of dust and soil samples were used for the determination of the moisture content and for PAH analysis. With few exceptions, the least abundant PAH was naphthalene and the most abundant PAH were four-and five-ring compounds. The PAH concentration profiles of the dust and soil are thus clearly different from those for air, in which the most abundant PAH is naphthalene. The general concentration trend for dust and soil was house dust ) entryway dust ) pathway soil. Similar PAH concentrations were observed in the smokers' and nonsmokers' homes. The concentrations of B2 PAH accounted for approximately half of the total PAH in most dust and soil samples. Levels of PAH found in dust and soil in these 24 low-income homes are lower than those in the dust and soil samples collected in Ž eight middle-income homes in Columbus, Ohio Chuang et . al., 1995 . The reported PAH concentrations in the food samples Ž . are shown in Table 5 , expressed in units of mgrkg ppb . The most abundant target PAH in most food samples was either naphthalene or phenanthrene. Levels of most individual target PAH and B2 PAH were less than 1 ppb. In general, the PAH concentrations in adult food samples were higher than those in child food samples within each household. The daily food intakes ranged from 762 to 4430 g for adults subjects and from 498 to 2296 g for children.
The hydroxy-PAH concentrations measured in the urine, expressed in units of ngrml of urine and mmolrmol of Ž . creatinine C are summarized in Table 6 . Among the target analytes, only 3-hydroxyfluoranthene and 1-hydroxypyrene were detected in all urine samples. The concentrations of 1-hydroxypyrene ranged from 0.007 to 0.36 Ž . ngrml 0.002 to 0.27 mmolrmol C in adults' samples Ž and from 0.009 to 1.23 ngrml 0.008 to 0.18 mmolrmol . C in children's samples. The urinary metabolite 1-hydroxypyrene has been measured in occupationally exposed workers, including coke oven workers, aluminum smelter Ž workers, and road pavers Herikstad et al., 1993; Ny et al., . 1993; Angerer et al., 1997 . The reported values of 1-hydroxypyrene in these exposed workers ranged from ; 1 mmolrmol C to ) 100 mmolrmol C. These levels in workers are significantly higher than the levels of 1-hydroxypyrene we found for the participants from the 24 low-income families. This is because the indoor PAH concentrations to which the workers were exposed were two to three orders of magnitude higher than the indoor levels in the homes of these low-income homes. Comparaw x Ž . ble levels of urinary benzo a pyrene BaP metabolites were observed in our studies and a nonoccupational BaP Ž . exposure study Buckley et al., 1995 . The BaP concentrations in the indoor and outdoor air and in food samples were also comparable. There was no statistically significant relationship between urinary PAH metabolites including BaP and the estimated daily doses of PAH derived from PAH concentrations in the relevant environmental media in our studies as well as in the BaP exposure study. There were distinct differences in urinary PAH metabolite levels between individuals with occupational PAH exposure and those with no occupational exposure. Because of the great variability among individuals, strong and direct relationships between PAH levels in environmental media and urinary PAH metabolites cannot be obtained unless the differences in PAH concentrations in the environmental media are very large. Average levels of total hydroxy-PAH in the urine samples from children in smokers' homes were only slightly higher than those from nonsmokers' children. The highest Ž . concentration 0.58 mmolrmol C of total hydroxy-PAH was found in the composite urine sample from a child living in the home where the highest number of cigarettes Ž . 34 cigarettes was smoked during the 24-h monitoring period. The total hydroxy-PAH concentration in this adult Ž . smoker's urine sample was 1.03 mmolrmol C, which is the third highest level found. The other high levels of total urinary hydroxy-PAH were 3.48 and 1.28 mmolrmol C from two nonsmokers in the winter study.
Relationships of PAH Among Different Sample Media
The correlation between the measured PAH concentrations in different sample media was investigated. Pearson correlation coefficients were calculated based on natural logtransformed data. Among all sample media, the strongest relationships were observed between outdoor air and house dust and between indoor air and outdoor air. There were positive but weak relationships for PAH found among dust, soil, and air samples. There were no strong direct relationships between the food samples and other types of environmental samples.
Comparison of PAH Concentrations Among Inner City and Rural Households
The results of summary statistics showed that average B2 Ž PAH concentrations in all sample media air, dust, soil, . and food from inner city homes were higher than those in the rural homes. Similar relative concentration trends were noted for total PAH in all but the children's food samples. Average indoor B2 PAH concentrations in inner city homes were approximately three times as high as those in the rural homes. The average outdoor B2 PAH concentration in inner city areas was more than four times as high as that in rural areas. Table 7 summarizes the results of the ANOVA models. The top third of the table presents the results for B2 PAH, the middle third for total PAH, and the bottom third for hydroxy PAH. Each row represents a distinct analysis. Columns three to five compare PAH concentrations between rural and inner city homes. Columns six to eight compare PAH concentrations for the nonsmokers and smokers in the summer study.
The primary result of the ANOVA is that B2 and total PAH concentrations measured in inner city homes were significantly higher than those measured in rural homes for several media: B2 PAH in indoor air, outdoor air, house dust, and pathway soil; and total PAH in outdoor air and pathway soil. There were no statistically significant differences in urinary hydroxy PAH metabolites between the residents of rural and inner city homes for either children or adults. Indoor air B2 PAH and pathway soil total PAH concentrations measured at the smokers' homes were significantly higher than those at the nonsmokers' homes.
Daily Potential Dose of PAH
The participant's daily potential dose of target PAH was Ž . calculated for the inhalation air , nondietary ingestion Ž . Ž . dustrsoil , and dietary ingestion food pathways as described above. The estimated daily potential B2 PAH Ž . doses ngrkg body weightrday are summarized in Table  8 . Body weights of the subjects were not measured in these studies, rather, average body weights from the U.S. EPA Ž . Exposure Factor Handbook EFH, 1989 were used for the calculation, i.e., 71.8 kg for adults and 17.4 kg for children. Note that these potential doses are maximum external doses based on the measured concentrations and exposures as calculated previously. In most cases, the children's daily potential doses of target PAH are higher than those of adults in the same household. This is partly because the children have lower body weights. The adults' daily doses of B2 PAH ranged from 0.12 to 15.3 ngrkgrday through inhalation; from 0.38 to 4.24 ngrkgrday through nondietary ingestion; and from 1.61 to 60.9 ngrkgrday through dietary ingestion. Relatively high B2 PAH doses were observed for children, which ranged from 0.37 to 19.6 ngrkgrday through inhalation; from 2.62 to 29.2 ngrkgrday through nondietary ingestion; and from 1.35 to 97.0 ngrkgrday through dietary ingestion. The ranges of the daily doses of B2 PAH for adults and children through inhalation and dietary ingestion were similar. However, for children, a markedly greater daily potential dose of B2 PAH through nondietary ingestion was observed. It should be noted that there are uncertainties in the nondietary range for children, because children vary greatly in their hand-to-mouth activity, which increases the range of dust and soil ingestion.
In general, the inner city participants had higher total exposures to B2 PAH than did rural participants. For these two groups, higher exposures to B2 PAH were observed through the inhalation and nondietary ingestion pathways, but not through the dietary ingestion pathway. In both urban and rural homes, children had higher potential doses of B2 PAH than did adults. In the summer field studies, the children in smokers' homes had higher average potential doses of B2 PAH via the inhalation pathway than did children in nonsmokers' homes. This was mainly due to the higher B2 PAH concentrations in indoor air in the smokers' homes. However, a child's potential total dose of B2 PAH through the three pathways was similar in the smokers' and nonsmokers' households. Figure 2 displays the distributions of averages of all adults' and all children's potential doses of total PAH and B2 PAH. Inhalation was the most important pathway for the adults' and children's exposure to total PAH. This is mainly because high levels of naphthalene were found in the air samples. The relative importance of the three pathways for adult's and child's daily potential doses of total PAH was inhalation) dietary ingestion) nondietary Ž . ingestion. However, ingestion dietary and nondietary became an important pathway for adults' and children's exposure to the nonvolatile B2 PAH. For the B2 PAH daily doses, the relative importance of exposure pathways was dietary ingestion) nondietary ingestion) inhalation for children and dietary ingestion) inhalation) nondietary ingestion for adults.
